The incidence of neonatal stroke is high and currently there are no strategies to protect the neonatal brain from stroke or reduce the sequelae. Agents capable of modifying inflammatory processes hold promise. We set out to determine whether delayed administration of one such agent, minocycline, protects the immature brain in a model of transient middle cerebral artery (MCA) occlusion in 7-dayold rat pups. Injury volume in minocycline (45 mg/kg/dose, beginning at 2 h after MCA occlusion) and vehicle-treated pups was determined 24 h and 7 days after onset of reperfusion. Accumulation of activated microglia/macrophages, phosphorylation of mitogen-activated protein kinase (MAPK) p38 in the brain, and concentrations of inflammatory mediators in plasma and brain were determined at 24 h. Minocycline significantly reduced the volume of injury at 24 h but not 7 days after transient MCA occlusion. The beneficial effect of minocycline acutely after reperfusion was not associated with changed ED1 phenotype, nor was the pattern of MAPK p38 phosphorylation altered. Minocycline reduced accumulation of IL-1b and CINC-1 in the systemic circulation but failed to affect the increased levels of IL-1b, IL-18, MCP-1 or CINC-1 in the injured brain tissue. Therefore, minocycline provides early but transient protection, which is largely independent of microglial activation or activation of the MAPK p38 pathway.
Introduction
Neonatal stroke occurs with an incidence of 28 in 100,000 live births (deVeber, 2002) and can result in cognitive deficits, cerebral palsy and epilepsy. Although stroke in the neonatal period is increasingly recognized and studied, much of the understanding of its pathophysiology stems from research performed in adult stroke models. While the underlying cascade of events such as depletion of cellular energy reserves, excitatory amino acid-release and oxygenfree radical production are similar in adult and immature stroke, the neuropathological outcomes (Yager and Thornhill, 1997 ) and modes of cell death are profoundly influenced by age (Hu et al, 2000) . The readily available proapoptotic machinery (Han et al, 2000; Hu et al, 2000) , the immature immune system and incomplete myelination make the immature brain prone to a proinflammatory response after an ischemic event (Benjelloun et al, 1999; Bona et al, 1999; Cowell et al, 2002; Derugin et al, 2000; Ivacko et al, 1996; McRae et al, 1995) . Therefore, finding an anti-inflammatory drug that is safe and effective in treating neonatal stroke is appealing.
Minocycline is a tetracycline derivative that has generated much interest as a modifier of acute and chronic neuroinflammation. It readily crosses the blood-brain barrier (Brogden et al, 1975) , is well tolerated and has pleiotrophic actions (Teng et al, 2004; Tikka et al, 2001a, b; Yrjanheikki et al, 1998 Yrjanheikki et al, , 1999 Zhu et al, 2002) that are separate from its antimicrobial action. Many laboratories have shown minocycline to be a potent therapeutic agent in various models of neurological diseases with chronic inflammatory components, such as models of Parkinson's ( Le, 2004, 2003) , Huntington's (Thomas et al, 2003) , multiple sclerosis (Popovic et al, 2002) , ALS (Zhu et al, 2002) and in models of acute inflammation, such as brain trauma (Teng et al, 2004) and cerebral ischemia (Arvin et al, 2002; Yrjanheikki et al, 1998 Yrjanheikki et al, , 1999 Zhu et al, 2002) . At the same time, recent reports show inconsistent and even detrimental effects of minocycline in different models of neurodegeneration, including hypoxia-ischemia (H-I) (Diguet et al, 2004a, b; Tsuji et al, 2004) .
The hierarchy among multiple mechanisms of minocycline protection is poorly understood. Minocycline can block the permeability transition pore and the associated release of cytochrome c from mitochondria, resulting in activation of multiple caspases after brain trauma (Teng et al, 2004) and cerebral ischemia (Zhu et al, 2002) . It protects neurons against excitotoxic damage directly, independent of microglial activation (Teng et al, 2004; Tikka et al, 2001a, b) , as well as against neuronal death amplified by the presence of activated microglial cells (Teng et al, 2004) . Minocycline effectively attenuates the delayed phase of injury after focal transient cerebral ischemia (Yrjanheikki et al, 1999) and global brain ischemia (Yrjanheikki et al, 1998) by reducing microglial activation and proliferation (Tikka et al, 2001a, b) . Microglial activation, in turn, depends on activation of the mitogen-activated protein (MAP) kinase p38, a stress-activated protein kinase that mediates many cellular responses, including production of inflammatory mediators (Saccani et al, 2002) and direct activation of cell death pathways Lin et al, 2001) . P38 can be inhibited by minocycline Teng et al, 2004; Tikka et al, 2001a, b) and is thought to contribute to brain injury reduction Lin et al, 2001) .
Emerging evidence suggests that inflammation plays an important role in neonatal H-I (Cowell et al, 2002 (Cowell et al, , 2003 Hagberg et al, 1996; McRae et al, 1995) and activation of microglial cells is rapid and profound in our neonatal focal stroke model (Derugin et al, 2000) . We therefore hypothesized that minocycline would afford protection through the inhibition of microglial activation and signaling through the MAP kinase p38. To test these hypotheses, we determined whether post-treatment of minocycline alters the infarct size during the acute and sub-chronic phases of injury after transient middle cerebral artery (MCA) occlusion in postnatal day 7 (P7) rat (Derugin et al, 1998) . To examine the possible mechanisms of protection, we determined if minocycline alters microglial activation, phosphorylation of MAPK p38 and accumulation of proinflammatory molecules acutely after injury.
Our results suggest that minocycline confers early but only transient protection, which is largely independent of microglial activation or activation of MAP kinase p38.
Materials and methods

Animals and Surgical Procedures
All animal research was approved by the University of California San Francisco Institutional Animal Care and Use Committee and was performed in accordance with the Guide for the Care and Use of Laboratory Animals (US Department of Health and Human Services, Publication Number 85-23, 1985) . Female Sprague-Dawley rats with a 6-day-old litter were purchased and housed in a temperature/light-controlled environment and given food and water ad libitum. On P7, the unsexed pups were subjected to transient MCA occlusion. In preliminary studies where we utilized the previously published procedure (Derugin et al, 1998) , animal growth was delayed after this surgical preparation, and baby rats were fed formula to improve weight gain. Mortality and intestinal damage were observed in minocycline-treated, but not in injured PBStreated pups or minocycline-treated pups with no injury (unpublished observations). We have modified surgical procedure in this study and inserted the coated filament directly through the internal carotid artery (ICA) via the incision made directly over the right common carotid, external carotid and internal carotid bifurcation. These procedures were performed without occluding or coagulating any other cervical vessels. The surgery was performed under 1.5% to 3% isoflurane anesthesia in a mixture of 70% N 2 O, and 30% O 2 , using a coated, 6-0 Dermelon suture filament. Throughout the 15 min surgical procedure, the animal temperature was maintained at 381C by a heating pad and overhead lamp. To select animals with injury that extends throughout the MCA vascular territory, each animal was examined by diffusionweighted (DW) MRI at approximately 1.5 h after occlusion. High-speed spin echo echo-planar images with diffusion sensitizing gradient pulses were employed in eight consecutive 1-mm-thick planes to cover the entire MCA territory. Animals with the desired injury pattern were used in this study, as we have previously shown (Derugin et al, 2000) that evidence of hyperintensity on heavily DW image and the associated decrease of the apparent diffusion coefficient (ADC) during MCA occlusion in P7 rat is predictive of cerebral infarction. After 3 h of occlusion, the suture blocking the MCA was removed, allowing reperfusion, and the pups were then returned to the dam for recovery.
The acute protective effect of minocycline hydrochloride (Sigma, Inc.) was determined at 24 h post-reperfusion in pups treated with minocycline (45 mg/kg) (n ¼ 9) or PBS (n ¼ 7-8 per time point), administered by intraperitoneal injection 2 h after MCA occlusion and again 4 h after reperfusion. The long-term protective effect of minocycline was determined at 7 days after surgery. Since a Ucurve in efficacy has been reported with dose escalation (Teng et al, 2004) , animals were administered two drug regiments, a single (45 mg/kg, intraperitoneal 2 h after MCA occlusion) or three injections of minocycline (45 mg/ kg/dose, intraperitoneal, 2 h MCA occlusion, 4 and 18 h after reperfusion) or PBS. Naïve littermates and treated and nontreated pups were weighed daily to evaluate the effect of minocycline on growth. No adverse effects were seen in all studied groups of pups.
Histology
For histological studies, pups were anesthetized with pentobarbital and perfused with ice-cold 4% paraformaldehyde (PFA) in 0.1 mol/L PBS through the heart. Brains were removed and post-fixed in 4% PFA at 41C for 24 h. Fixed brains from pups killed after 24 h were cut into 50 mm sections on a vibratome and stored at 41C in 0.1 mol/L PBS with 0.01% sodium azide. Owing to the fragility of injured brain tissue 7 days after injury, brains at this time point were placed in 70% ethanol after fixation, paraffin embedded, and cut into 20 mm sections (Biopathology Labs, South San Francisco, CA, USA). Brain sections were stained with cresyl violet for assessment of brain injury.
Immunohistochemistry
Diaminobenzidine peroxidase immunohistochemistry was performed on 50 mm free-floating sections. Endogenous peroxidase was quenched with 1% hydrogen peroxide, and blocked with 5% horse serum/1% Triton-X100/ PBS. The tissue was incubated with primary antibody in 1% Triton-X100/PBS according to the manufacturer. Primary antibodies were monoclonal antidually phosphorylated p38 (1:200, Sigma) and ED1, a marker of activated microglia (1:100, Serotec). Sections were washed in 1% Triton-X100/PBS and incubated in biotinylated horse anti-mouse antibody (Vector, 1:200) . After washing again with 1% Triton-X100/PBS, sections were incubated in avidin-biotin complex (Vectastain, Vector Laboratories) before visualization with diaminobenzidine (Sigma) and 0.02% H 2 O 2 .
Determination of Injury Volume and Cell Density
Injury volumes were determined using systematic random sampling and the Cavalieri principle and guidelines for unbiased stereology for estimating volume (West et al, 1991) . Briefly, brains of pups killed 24 h after reperfusion were cut into 50 mm sections and stored serially in a 12well plate so that each well contained a series of sections obtained at 600 mm intervals. Beginning at the anterior genu of the corpus callosum, a series of sections was selected for staining using a random number generator and all sections from a single well were stained. Volumetric analysis was performed on cresyl violet-stained sections using Neurolucida (Microbrightfield Software Systems) by manually tracing the profiles of the entire ipsilateral hemisphere, contralateral hemisphere, lesion and cystic infarct, then integrating to obtain volumes. Figure 1B demonstrates how we outlined injured and uninjured tissue for a representative coronal section shown in Figure  1A . The same technique was used to determine the injury volumes of paraffin-embedded brain tissues of pups 7 days after surgery, except that the sections were evaluated at 400 mm intervals. As the injury often evolved into a cystic infarct, we used two outcome measures for comparison between minocycline-and PBS-treated pups: the size of the remaining tissue and the morphologically normal (unaffected) tissue in the hemisphere ipsilateral to the occlusion. Data were expressed as a ratio of the size of remaining ipsilateral to contralateral hemisphere. The density of ED1-immunoreactive cells was determined using Stereologer Software to guide systematic random sampling (Microbrightfield Software Systems). The tops of ED1 immunoreactive cells were counted using an Â 20 objective. The grid size was chosen using preliminary cell counts and Stereologer software. Sampling sites were generated on a grid 1000 mm apart and placed randomly on each section by the software. Cell density estimates were performed over the entire ipsilateral and contralateral hemispheres in the eight sections comprising the injured region, and densities were calculated from estimated cell population/volume.
Determination of Cytokines and Chemokines in Plasma in the Brain Tissue
Concentrations of IL-4, IL-1b, IL-1a, IL-6, IL-10, IL-12, IL-18, IL-5, IL-2, IFNg, TNFa, CINC-1/GRO/KC, MCP-1, GM-CSF were simultaneously quantified in a single plasma or brain tissue sample using a LINCOplext rat cytokine kit (LINCO Research, Inc., Saint Charles, MO 63304, USA). Briefly, plasma and brain tissue from injured (hyperintense tissue on DW-MRI during occlusion) and anatomically matching tissue from the contralateral hemisphere were collected from control and minocycline-or PBS-treated pups following 24 h of reperfusion. The flashfrozen brain tissue was homogenized in a buffer containing 20 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, 1 mmol/L PMSF, 0.05% Tween-20, and a cocktail of protease inhibitors (Roche), and protein concentration was measured in each sample. Cytokine and chemokine concentrations were determined using antibodies for each analyte covalently immobilized to a set of microspheres according to protocol developed and validated at LINCO Research, Inc. The analytes on the surface of microspheres were then detected by a cocktail of biotinylated antibodies. Following binding of streptavidin-phycoerythrin conjugate, the reporter fluorescent signal was measured with a Luminex 100 reader (Luminex Corp., Austin, TX 78727, USA). Data were calculated using a calibration curve obtained in each experiment using the respective recombinant proteins diluted in kit matrix for plasma samples and lysis buffer for tissue samples. Concentrations of cytokines were calculated using StatLIA s software (Brendan Scientific Corp., Calrsbad, CA 92008, USA) with a five-parameter logistic curve-fitting method, and normalized to the amount of protein in each sample. Concentrations of IL-4, IL-10, IL-12, IL-5, IL-2, IL-1a, IFNg and GM-CSF were consistently below detectable levels and, therefore, are not shown in the Results section. TNF-a and IL-6 values were below detectable levels in at least 50% of cases, and these data were not summarized. Tables  1 and 2 show plasma and brain concentrations of interleukin 1b (IL-1b), cytokine-induced chemoattractant protein 1 (CINC-1), interleukin 18 (IL-18) and monocyte chemoattractant protein 1 (MCP-1). Since some of the values for the latter molecules were below detectable level, both the number of values within the detectable range and total number of samples measured for each individual analyte are shown in Tables 1 and 2.
Statistical Analysis
The volume of brain tissue and density of ED1 immunoreactive cells in treated and nontreated groups were analyzed by ANOVA with post hoc testing. For systematic random sampling of injury, the Gunderson coefficient of error (Gundersen et al, 1999 ) was used to estimate sampling error in analysis of volume of brain tissue and density of ED1 immunoreactive cells. Counting parameters were chosen for a Gunderson CEo0.1. All differences were considered significant at Po0.05. Results are represented as mean7s.d.
Results
Minocycline Treatment Reduces Injury Size 24 h Post-Reperfusion
All pups that underwent MCA occlusion were subjected to a DW-MRI session at 1.5 h after MCA occlusion. Animals with no apparent intensity changes within the MCA territory on DW-MRI were excluded from further studies. Consistent with our previous findings (Manabat et al, 2003) , injury was extensive by 24 h after reperfusion ( Figure 1A ). The volume of uninjured tissue in the hemisphere ipsilateral to the occlusion was significantly larger in minocycline-pups, 76715 mm 3 (n ¼ 9), compared to that in PBS-treated controls, 60711 mm 3 (n ¼ 8) (Po0.04) The volume of uninjured tissue for individual minocycline-and PBS-treated pups is shown in Figure 1C . The volumes of the whole ipsilateral hemisphere and contralateral hemisphere were 11279 and 10978 mm 3 in minocycline group and 11477 and 11178 mm 3 in PBS -treated group, respectively, and were not significantly different within and between groups. The reduction of injury size in the minocycline-treated pups was consistent throughout the anterior to posterior distribution, as shown in Figure 1D .
Minocycline Treatment Does not Alter Microglial Response 24 h After Transient MCA Occlusion
To determine whether minocycline protects the neonatal brain via attenuation of microglial activation, we used acquisition of ED1 immunoreactivity as the indicator. Activation of microglial cells can be evaluated using several outcomes, including acquisition of an activated phenotype when microglial cells retract their processes and enlarge their cell body, a process known as transformation from ramified to ameboid phenotype (Raivich et al, 1999) . Sections adjacent to Nissl-stained were immunostained for ED1. In naïve brain (data not shown) and in the contralateral hemisphere ( Figure 2A ), ED1 immunoreactivity was localized almost exclusively to the corpus callosum. No ED1 immunoreactive cells were observed 1 to 8 h after reperfusion in the injured tissue (not shown). At 24 h after reperfusion, ED1 immunoreactive cells were consistently observed throughout the injured tissue ( Figure 2B ), but in greater numbers at the edge of the injury (Figure 2C versus 2D) . No such cells were apparent in non-injured cortex of the ipsilateral hemisphere. Owing to difficulty in delineating the exact border of injured versus noninjured, the number of ED1 immunoreactive cells was measured in the entire ischemic hemisphere rather than only in the injured tissue. The density of ED1 immunoreactive cells in the ischemic hemisphere more than doubled compared to contralateral hemisphere, from 21237508 to 521772163 cells/mm 3 (Po0.0003; n ¼ 6/group), demonstrating a robust accumulation of activated microglia/macrophages in the injured hemisphere after ischemia-reperfusion in the neonatal brain. Minocycline treatment did not alter the density of ED1 immunoreactive cells in the corpus collosum of the contralateral hemisphere, 21237 453 cells/mm 3 in minocycline-treated animals and 21247634 cells/mm 3 in PBS-treated animals. In the ischemic hemisphere, the density of ED1 immunoreactive cells was 495972457 cells/mm 3 (n ¼ 7) and was not significantly different from that seen in PBS-treated group, 557971881 cells/mm 3 (n ¼ 5, P ¼ 0.65) ( Figure 2D ), suggesting that minocycline administration does not affect acquisition of the activated microglial phenotype.
Minocycline Treatment Does not Alter the Pattern of p38 Phosphorylation Acutely After Neonatal Focal Ischemia
To determine whether the protective effect of minocycline depends on activation of the MAP kinase p38, we identified the spatial pattern of p38 phosphorylation following minocycline and PBS treatment. In naïve pups, diffuse p38 phosphorylation was observed throughout the cortex in a laminar pattern in the superficial cortical layers.
Staining in neocortex was predominantly in neurons in the upper layers (II/III-IV) in a cellular pattern, with the most intense staining occurring in cell bodies and the apical dendrite of layer IV neurons ( Figure 3A ). Intense immunostaining was also observed in the piriform cortex ( Figure 3B ), similar to that previously reported in adult rat brain (Mielke et al, 1999) . At the boundaries of neocortex, the cingulum medially and entorhinal cortex laterally, staining involved all cell layers. We then determined the spatial pattern of p38 phosphorylation at 8 h post-reperfusion when cell death is already apparent (Manabat et al, 2003) and microglial activation is at an early stage (not shown), and at 24 h after ischemia when cell death is profound and microglial cells exhibit an activated phenotype (Manabat et al, 2003) . In PBS-treated pups, the pattern of p38 phosphorylation changed by 8 h, outlining the injured territory ( Figure 3C) , while remaining the same in the contralateral hemisphere ( Figure 3D ). In regions perifocal to ischemia, there was patchy loss of p38 immunoreactivity, and the spatial pattern of reduced p38 phosphorylation matched injured MCA vascular territory ( Figures 3C  and 3G ). Within the infarct zone, the diffuse laminar pattern was lost and only scattered intensely stained cells were seen throughout the cortex and basal ganglia ( Figure 3H ). The overall loss of p38 phosphorylation did not result from tissue loss, because cresyl violet staining of adjacent sections showed intact tissue (not shown). At 24 h, p38 phosphorylation was seen in both hemispheres. Comparison of the patterns of p38 phosphorylation in brain sections of minocycline-and PBS-treated pups at 8 h post-reperfusion showed a similar pattern in the contralateral hemisphere and similar spatial distribution of loss of p38 phosphorylation in the injured territory ( Figure 3E versus 3C) , suggesting that the early effects of minocycline are largely independent of p38 activation.
Minocycline Attenuates Early Accumulation of Pro-Inflammatory Molecules in Plasma but not in the Injured Brain Tissue at 24 h
To determine whether minocycline attenuates accumulation of inflammatory molecules, we simultaneously measured concentrations of multiple cytokines and chemokines in plasma and brain tissue samples from control and injured pups treated with minocycline or PBS. Data for plasma concentrations of IL-1b, IL-18, MCP-1 and CINC-1 are shown in Table 1 . Transient MCA occlusion resulted in a significant increase in plasma concentration of cytokine IL-1b (approximately 2.8-fold, Po0.0004) and chemokines MCP-1 (1.9-fold, Po0.045) and CINC-1 (1.7-fold, Po0.007), while IL-18 concentration remained the same (Table 1) . Minocycline treatment significantly diminished levels of IL-1b (Po0.007) and CINC-1 (Po0.0004) in plasma of injured animals, consistent with the known anti-inflammatory action of this drug. It did not change the elevated levels of MCP-1 (P40.1).
There was a significant increase of IL-1b (B2-fold, Po0.017), CINC-1 (7.7-fold, Po0.0001), MCP-1 (7.6fold, Po0.0001) and IL-18 (2.6-fold, Po0.0001) concentrations in the injured tissue of PBS-treated animals compared to control animals ( Table 2 ). The concentrations of these inflammatory mediators in the injured tissue of PBS-treated animals were also significantly higher compared to the contralateral hemisphere, a 6-fold increase for CINC-1 (Po0.001), 4.5-fold for MCP-1 (Po0.001) and 2-fold for IL-18 (2.6-fold, Po0.017). Unlike in plasma, minocycline did not alter accumulation of IL-1b, IL-18, MCP-1 or CINC-1 in injured brain tissue (Table 2) at 24 h postreperfusion, demonstrating that the anti-inflammatory action of minocycline is limited to its effects in the systemic circulation.
Minocycline Treatment has no Effect on Brain Injury 7 Days Post-Reperfusion
To determine whether minocycline provides sustained protection, animals survived for 7 days after reperfusion and tissue loss and the size of morphologically normal tissue were measured. We used two different administration protocols, a single injection at 2 h after occlusion or three injections (45 mg/kg each) over an 18-hour period beginning at 2 hours after occlusion, because published reports show that timing and cumulative dose of the drug can affect outcome (Teng et al, 2004) . In all the three groups, pups grew at a similar rate and gained 12.671.2 g in the PBS-treated group, 15.473.1 g following a single minocycline injection and 12.670.9 g following triple injection of the drug (P40.05). By 7 days, the infarct evolved into a loss of tissue and scar formation in many, but not all, cases in the hemisphere ipsilateral to the occlusion, making the size of injury more variable compared to that at 24 h after reperfusion ( Figure 4A ). The volumetric sizes of the remaining tissue in the injured hemisphere were 55%711%, 49%713% and 54%716% of the contralateral hemisphere in pups following PBS, single or triple injection of minocycline, respectively ( Figure 4A ). In addition to evaluating tissue loss, we determined whether administration of minocycline reduced the size of the injury itself. The volume of preserved tissue, tissue that appeared morphologically normal on the same Nissl-stained sections, was also unaffected by the treatment. The volumes of the preserved tissue were not significantly different, comprising 47%79%, 40%712% and 45%715% of the contralateral hemisphere following PBS, single or triple injection of minocycline, respectively ( Figure 4B ). Administration of minocycline also did not affect the anterior-toposterior injury distribution (not shown). Taken together, these results demonstrate that minocycline did not provide lasting protection against transient ischemia in neonatal brain.
Discussion
These results show that delayed administration of minocycline after transient MCA occlusion in P7 rats reduced injury at 24 h following ischemia and reperfusion but the effect was transient and protection was not sustained. Our data also show that early protection against ischemia-reperfusion by minocycline is largely independent of microglial activation or activation of MAP kinase p38. Many previous studies conducted to determine the protective effects of minocycline in experimental models of neurodegeneration have shown promising results (Arvin et al, 2002; Popovic et al, 2002; Teng et al, 2004; Thomas and Le, 2004; Thomas et al, 2003; Yrjanheikki et al, 1998 Yrjanheikki et al, , 1999 Zhu et al, 2002) , while other studies show no protection (Diguet et al, 2004a, b) or even injury deterioration (Tsuji et al, 2004) .
In the developing brain, activated microglia/ macrophages rapidly accumulate in the injured tissue in our focal ischemia model (Derugin et al, 2000) as well as following H-I (Bona et al, 1999; Cowell et al, 2002; Ivacko et al, 1996; McRae et al, 1995) . Microglia can play a dual role in the brain by protecting the CNS by phagocyting tissue debris or amplifying the effects of potentially harmful inflammation. Activation of these cells is a complex and multi-step process that results in changes in morphologic phenotype, acquisition of the ED1 phenotype, release of inflammatory mediators, increased chemotactic activity, phagocytic activity and the ability to serve as antigen-presenting cells (Bohatschek et al, 2001; Carson et al, 1998; Raivich et al, 1999) . We chose to use acquisition of ED1 immuoreactive cells as an indicator of activation.
In naïve brain the presence of ED1-immunoreactive cells was limited to corpus collosum, consistent with previous studies (Giulian and Baker, 1986; Graeber et al, 1998; Raivich et al, 1999) . Acquisition of the ED1 phenotype was limited to lesioned tissue and occurred rapidly after ischemia-reperfusion in P7 pups (Derugin et al, (2000) and Figure 2) , while in adult rodents it became apparent later. Unbiased stereological analysis showed a significantly higher density of ED1-positive cells in the injured hemisphere than in the hemisphere contralateral to the occlusion. The analysis also showed that minocycline administration did not change the density of ED1 immunoreactive cells in the injured hemisphere. This finding is somewhat surprising considering the body of literature showing that minocycline diminishes injury by attenuating microglial activation. While it is possible that difference in the ED1 estimates between treated and nontreated pups in the entire ipsilateral hemisphere can be diluted by the presence of regions constitutively expressing ED1 cells, the finding that minocycline did not reduce local inflammation in the injured tissue is consistent with unaffected microglial activation.
Since release of inflammatory molecules both substantially depends on and enhances microglial activation, we measured proinflammatory mediators in plasma and brains of injured minocycline-and PBS-treated pups at 24 h after reperfusion. After cerebral ischemia, there was a significant increase in plasma levels of inflammatory cytokine IL-1b, a monocyte chemoattractant protein MCP-1 and a chemoattractant protein for neutrophils CINC-1, and minocycline significantly decreased the levels of IL-1b and CINC-1. In the lesioned tissue, concentrations of IL-1b, IL-18, MCP-1 and CINC-1 were significantly elevated but not affected by minocycline. Since minocycline easily crosses the intact blood-brain barrier when given orally, intravenously or intraperitoneally (Brogden et al, 1975) , the lack of effect in the brain is unlikely to be due to inadequate penetration although changes may occur at earlier or later times after injury.
These data show that minocycline is bioactive and exerts its anti-inflammatory effect systemically rather than intraparenchymally. These data also show the presence of local inflammation acutely after neonatal ischemia-reperfusion and suggest that IL-1b, IL-18, MCP-1 and CINC-1 are being produced locally in the brain. While these inflammatory molecules are not necessarily produced by microglial cells, they are persistently elevated in the injured tissue, indicating the presence of ongoing local inflammation despite treatment. Studies in the H-I model in P7 rats also show rapid accumulation of multiple cytokines and chemokines, including MCP-1 (Galasso et al, 2000a, b; Xu et al, 2001) , MIP-1 (Cowell et al, 2002) and complement activation (Cowell et al, 2003; Ten et al, 2003 Ten et al, , 2004 . In addition to exacerbating local inflammation via astrocyte and microglia activation, elevated levels of IL-1b (Barone and Feuerstein, 1999) , IL-18 (Kanno et al, 2004) , MCP-1 (Galasso et al, 2000a) and CINC-1 (Popivanova et al, 2003) can be neurotoxic. MCP-1 and CINC-1, in turn, are major chemoattractant molecules for circulating monocytes and neutrophils (Gerard and Rollins, 2001) , cells that are largely responsible for production of reactive oxygen species and inflammatory mediators. These factors can ultimately contribute to the evolution of ischemic injury in the neonatal brain in ways that may be both dependent and independent on microglia.
Several studies have suggested that MAP kinase p38 may play a role in ischemic and excitotoxic injury in adult Kummer et al, 1997; Lee et al, 2000; Legos et al, 2001; Mielke et al, 1999; Takagi et al, 2000) and immature brain (Hee Han et al, 2002) via its activation in microglial and astroglial cells (Bhat et al, 1998; Da Silva et al, 1997; Kaur et al, 2003; Kummer et al, 1997; Lee et al, 2000) . Both in vivo and in vitro data have linked the protective effects of minocycline to its ability to attenuate p38 activation Lin et al, 2001; Suk, 2004; Tikka et al, 2001a; Zhu et al, 2002) . In this study, we observed an overall profound decrease in p38 phosphorylation in the injured tissue at 8 h post-reperfusion, with the exception of a small population of scattered intensely stained cells, while the pattern of p38 phosphorylation remained unchanged in the contralateral hemisphere and in uninjured regions of the ipsilateral hemisphere. Since only patches of dead cells are apparent at this time point by Nissl stain, it is unlikely that cell death accounts for the diminished p38 phosphorylation. Decrease in p38 phosphorylation has been described by others after CNS injury, including exposure of adult rats to kainic acid (Mielke et al, 1999) , neonatal rats to H-I , and in cultured neurons to insulin (Heidenreich and Kummer, 1996) . The fact that minocycline did not affect the overall spatial distribution of p38 phosphorylation suggests that its acute protection is largely p38-independent in this immature model.
According to recent studies (Zhu et al, 2002; Wang et al, 2003; Teng et al, 2004) , mitochondria are an important target for minocycline and minocycline indirectly inhibits caspase-3 activation via the permeability-transition pore-mediated release of cytochrome c from mitochondria to the cytosol. This cascade was shown to be affected in cortical neurons exposed to NMDA (Zhu et al, 2002) , in hSOD G93A (ALS) mice (Zhu et al, 2002) , and after spinal cord injury and cerebral ischemia (Teng et al, 2004) . The protective effect we observed 24 h postreperfusion may be due to reduction of caspase-3 activation, since we have shown an 18-20-fold increase in caspase-3 activity at this time point (Manabat et al, 2003) .
Importantly, while minocycline appeared to provide protection acutely after injury, the protective effect did not last. For 7-day survival, we used two different administration protocols to eliminate the possibility that a high cumulative dose adversely affects outcome, as previous reports show a U-curve in efficacy (Teng et al, 2004) . However, neither regimen resulted in lasting neuroprotection despite evidence that minocycline attenuated systemic accumulation of proinflammatory molecules. Although we cannot eliminate the possibility that administration of minocycline over days could have provided better protection, the timing of our administration is consistent with those reported by others and does produce a reduction in circulating inflammatory mediators. Also, pharmacokinetic data show that intraperitoneal injection of minocycline results in a delayed but sustained plasma concentration (Fagan et al, 2004) . The inability of minocycline to affect concentrations of inflammatory mediators in the injured brain or microglial activation supports the finding of inadequate longterm protection.
These results add to the growing controversy surrounding the effects of minocycline in the setting of neurodegeneration (Diguet et al, 2004a, b) , including neonatal cerebral ischemic injury (Tsuji et al, 2004) . While Arvin et al (2002) reported that minocycline substantially preserved brain tissue and prevented the formation of cleaved caspase-3 one week after H-I insult in rat pups, Tsuji et al (2004) using a neuropathologic injury score as a measurement of injury, reported that minocycline treatment provided only mild protection from H-I in rat pups, and worsened injury in mouse pups after each of the five treatment regimens used. Speciesspecific differences in the response to minocycline, severity of ischemic injury or differences in stroke models may contribute to varying results.
In summary, in a model of transient neonatal cerebral ischemia, minocycline protection was short lived and did not appear to be mediated by a reduction in the accumulation of activated microglia/macrophages or by inhibition of p38 phosphorylation. Our study suggests that although minocycline has generated excitement as a modifier of brain injury, due to possible toxicity and lack of long-term efficacy, therapeutic trials in newborns should be approached with caution.
